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INTEGRATED CIRCUIT EARLY LIFE
FAILURE DETECTION BY MONITORING
CHANGLES IN CURRENT SIGNATURES

CROSS-REFERENCE TO RELATED
APPLICATTONS

This Application 1s a Divisional of prior application Ser.
No. 09/558,130 filed on Apr. 25, 2000, now U.S. Pat. No.
6,714,032, to Joseph A. Reynick. The above-listed Appli-
cation 1s commonly assigned with the present invention and
1s 1ncorporated herein by reference as if reproduced herein
in its entirety under Rule 1.53(b).

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to an 1mproved method for testing
integrated circuits (ICs) during the IC fabrication process.
More specifically, the present invention relates to an
improved method for using quiescent or transient current
signatures to test for defective ICs during the IC fabrication
Process.

2. Description of the Related Art

Integrated circuits consist of a number of interoperable
circuits fabricated on a silicon substrate. The number of
interoperable circuits that can be supported by a substrate
continues to grow as the art of IC manufacturing advances.
Currently, it 1s not uncommon for an IC to include several
million transistors configured into tens of thousands of
interoperable circuits. While increasing the number of cir-
cuits that can be fabricated on a single IC allows designers
to design smaller and faster products, such increases present
the IC manufacturer with challenges in manufacturing fault-
free ICs. One such challenge for manufacturing fault-free
ICs 1s the difficulty 1n testing these ICs for defects in an
accurate and efficient manner.

To facilitate IC testing, many different IC testing meth-
odologies have been developed. These testing methods have
been developed for evaluating any of a number of types of
ICs, such as complimentary metal-oxide semiconductor
(CMOS) ICs. These testing methods analyze the failure rate
of the tested ICs so that substandard ICs are not distributed
in the marketplace. These testing methodologies can be
cither built mnto the IC itself, or can be performed through the
use of separate testing mechanisms.

Testing 1s usually performed to ensure proper logical
operation of the ICs and to detect manufacturing defects in
the components comprising the ICs. To ensure proper logical
operation of the IC, the IC 1s stimulated using known test
patterns and 1s monitored to determine 1ts output response.
If the resulting output response of the IC 1s as anticipated, 1t
1s assumed that the IC 1s functioning properly. For VLSI
circuits, tens to hundreds of megabytes of test patterns are
needed to test most of the IC. Such testing 1s extremely time
consuming.

Testing methods include built-in-self test (BIST) circuitry,
accelerated life testing (“burn-in”), functional testing, stuck-
at fault (SAF) testing, quiescent current (I, ) testing, and
transient current (I, ,) testing, among other testing methods.

BIST circuitry 1s incorporated mnto the IC itself, and can
constitute a significant portion of the circuitry on an IC, 1.¢.,
approximately 17%—-30%. This BIST circuitry internally
stimulates the IC 1n which it 1s incorporated, and measures
the corresponding output response resulting from the stimu-
lus. The problem with BIST circuitry 1s that it requires more
hardware space on the IC as the number of gates or nodes on

10

15

20

25

30

35

40

45

50

55

60

65

2

the IC mcreases. Thus, as the complexity of the IC increases,
the amount of space on the IC surface necessary for testing
circuitry increases. This can be extremely mneflicient when
the size of the IC 1s a concern.

Burn-in can be used to accelerate identification of latent
IC defects created during either the IC fabrication process or
the semiconductor assembly process. One example of a
latent IC defect caused during the IC fabrication process 1s
a defect 1n an oxide film of the IC, such as a pinhole 1n the
cgate oxide, while an example of a latent IC defect caused
during the semiconductor assembly process 1s a crack 1n the
scaling resin. Identifying and removing latent defects allows
for higher reliability circuits to be supplied to IC users.

In the IC fabrication process, burn-in 1s performed by
applying an environmental stress, such as high temperature/
voltage to an IC being tested. During and/or after the
application of this stress, the IC 1s monitored to determine
whether 1t performs properly. The application of this envi-
ronmental stress to the IC allows for the reliability of the
assembled device (IC) to be ascertained.

The amount of time for which the electrical or environ-
mental stress 1s applied to the IC must be determined
experimentally. The stress should function to destroy or
degrade performance in those ICs that are inherently
defective, while having little or no effect at all on those ICs
which are fault-free. Depending on the length of time for
which the burn-in stress 1s applied to the IC, and the sample
number of ICs that are burned-in, the burn-in process can
result 1n anywhere from 5%—-40% of the cost of producing
an IC. In order to become more competitive 1n the
marketplace, more efficient methods of failure analysis
testing should be developed.

Another IC testing method 1s logic response stuck-at-fault
(SAF) testing. Logic response SAF testing involves the
application of stimuli to the inputs of a particular IC, and the
examination of the IC outputs to determine 1f a particular
internal fault exists in the IC. If a Stuck-at-fault exists for a
orven circult node, that node will not toggle, and will be
“stuck-at” either a 1 or a 0, such that the actual output
response of the IC will not match the expected response.
There are, however, some inherent problems with using
logic response SAF testing to 1denfify faults in a given IC.
For example, it 1s difficult and costly to generate a suflicient
number of mput signal test vectors to detect a desired level
of fault coverage Fault coverage 1s the percentage of all
possible faults in a given IC that can be tested by a given set
of test vectors. Also, 1t 1s extremely time consuming to
measure the response of every circuit found i the IC.
Furthermore, 1n circuits with 1inherently low controllability,
such as those with random logic control circuits or those
circuits with asynchronous designs, a large number of inter-
nal faults 1n the IC may not be stimulated, and will not be
detectable at the output regardless of the particular stimuli
applied. The desired fault coverage therefore may not be
obtained for ICs using the SAF test. Secondly, many physi-
cal defects 1in an IC, such as bridging, gate oxide shorts, and
spot defects, might not be detected using the SAF test. These
defects can cause indeterminate logic levels at the defect
site, and therefore cannot be detected by any logic testing
method.

One alternative to the SAF test mvolves the use of a
technique known as scan design. The scan design technique
requires test structures to be mcorporated 1nto the IC 1n order
to facilitate testing. Scan testing adds controllability to
defective nodes, but does not guarantee that the defective
response can be observed at the device outputs. Thus, as 1s
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the case with functional and SAF tests, stuck-at faults and
physical defects such as bridging, gate oxide defects and
spot defects, might not be detected by scan testing.

Another problem with adding scan structures into the IC
1s that these structures consume IC space and power—much
like BIST. Additionally, depending on the placement of
these scan structures, timing problems may be introduced
into the IC. As a result, scan structures may be difficult to
incorporate mnto an existing IC design. Thus, an IC typically
must be designed from the outset to mncorporate acceptable
scan structures.

Another method of failure analysis testing 1s quiescent
current, or I, , testing. Over the last 15-20 years, research
has shown that a very effective method for screening out
defective ICs, mcluding certain CMOS-designed devices,
that are at a fully static (or quiescent) state is to determine
whether or not these ICs have higher than nominal back-
ground current levels. Fully static means that no internal
nodes of the IC are changing state or switching, 1.e., toggling
between 0 and 1. Furthermore, nominal background current
means that the fully static IC only draws current in its
quiescent state due principally to sub-threshold and reverse-
bias junction leakage of transistors, and the IC 1s 1n a low
current state. Since a logical circuit can be represented by an
interconnection of logical gates, such as and gates and or
gates, any higher than nominal current 1n the fully static or
quiescent state can be attributed to leakage current in certain
defective gates of the IC.

The quiescent current method can be used to detect
defects such as gate oxide leakage, stuck-at (nodes incor-
rectly tied to logic 0 or 1) defects, bridging (neighbor nodes
accidentally tied together) defects, leaky p/n junctions (high
reverse-bias leakage current), some forms of open circuits
(disconnects in metal or polysilicon), low threshold voltage
in transistors, punch through (drain and source of a transistor
are clectrically shorted together, rendering the affected tran-
sistors always on), and delay fault (where delay paths or
transitions change functional behavior). Quiescent current
testing 1s particularly applicable to circuits having CMOS
and BiICMOS designs, for example, and other technologies
that generally have low background current.

Quiescent current testing 1s based upon the fact that for a
fully static CMOS IC, 1.e., when all circuit nodes have
voltages settled to a nominal value, virtually no current 1s
drawn from the power source by the IC. Current drawn 1n the
nanoampere (nA) range is also potentially acceptable, since
a fault-free IC at a fully static state may still tend to draw low
current levels from the power source, and higher nominal
background currents may be seen for deep-submicron
lithographies. Even though there 1s some measurable quies-
cent current 1n a fault-free IC, 1t 1s still possible to charac-
terize an IC device as defective by measuring its quiescent
current. When the quiescent current measurements 1n defec-
five ICs are higher than the normal quiescent current level
that 1s expected for the IC, the IC will be considered
defective.

A high quiescent current measurement for at least one IC
circuit node indicates that at least one location 1 the IC has
a defect that 1s causing a leakage problem. In order to detect
all possible locations for the gate oxide defects resulting 1n
the high quiescent current, 1t would be necessary to toggle
every transistor of the IC while measuring 1ts quiescent
current values. Such togeling could only be applied to each
input of the IC for a period of 10°s to 100’s of milliseconds.
Therefore, obtaining 100% test coverage of a VLSI IC chip,
for example, can take up to hundreds of hours to complete.
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This amount of time 1s prohibitive, especially when hun-
dreds of thousands, or even millions, of ICs are produced at
cach IC production site daily.

Multiple methods for performing quiescent current testing,
in ICs are currently known 1n the art. Perhaps the most
commonly used quiescent current testing method 1s the
single limit I, method. In this method, a quiescent current
limit 1s experimentally selected. This quiescent current limait
selection 1s based upon measurement of quiescent current in
ICs determined to be defective and ICs determined to be

fault-free using other testing methodologies. After these
measurements are made and evaluated, a statistical approxi-
mation of what quiescent current value measurement 1den-
tifies a defective IC. This quiescent current value 1s then set
as the current limat for that type of IC. Once the current limit
1s set, any evaluated IC that has a quiescent current value
orcater than the current limit 1s considered to be defective.

As the number of transistors on an IC gets larger, and the
lithography of the IC decreases, the quiescent background
current of the IC increases. This increased background
current will effect the quiescent current measurement of the
IC, generally increasing this nominal quiescent current value
and reducing the difference between the quiescent current of
a defective IC and a non-defective IC. Therefore, 1t 1s
difficult to use the single limit method to determine if ICs
with a large concentration of circuitry are defective.
Furthermore, the single limit method 1s also problematic
because 1t treats all individual gates or circuits in the IC as
homogenous, and fails to take into account the fact that
different stimuli may cover more potentially defective por-
tions or nodes of the IC than others.

An alternative to the single limit method 1s the current
difference method. In the current difference method, a mea-
surement 1s taken of the absolute difference between a first
quiescent current measurement of the IC 1n 1ts entirety and
subsequent quiescent current measurements. This measured
difference 1s potentially more effective than the single limat
method at 1dentifying faults in an IC, because the current
difference method nullifies the effect of IC background noise
on the outcome of the test. The background noise 1s nullified
because 1t 1s 1mcorporated 1nto both measurements, and 1s
thus 1rrelevant. The important value when using the current
difference method is the difference between the two mea-
sured quiescent currents, and not the quiescent current
measurements themselves. If the measured current ditfer-
ence 1s greater than a predetermined current difference limat,
then the IC being tested 1s considered to be defective. Thus,
even this method, like the single limit method, requires a
current limit to be experimentally set. This current limait
cannot be determined without experimentation, and even
then the current limit arrived at may improperly identily
some defective ICs as being fault-iree.

An alternative test method to the single limit and current
difference methods 1s called the current signature method. In
the current signature method, multiple current limits can be
set for the IC. A set of voltage vectors (or 1,,, vectors) is
applied to the I1C, and, for each vector applied, a quiescent
current measurement is made for the IC. Voltage vectors (or
“vectors”) refers to voltage values applied as stimuli to the
inputs of an IC; these voltage values correspond to logical
0’s and logical 1°s for the IC technology being used. The
vectors will propagate through the IC gates and nodes to the
IC outputs. The application of these vectors to the mnputs of
the IC will cause the gates or nodes within the IC to be set
to a O or 1 logic level. For each vector applied, a current limat
for the measured quiescent current value 1s set.

The first step of this method therefore requires that a set
of vectors be generated, targeting maximum I, fault cov-




US 6,873,171 B2

S

erage. These “I,, vectors™ are applied to the experimental
ICs, and a small subset of vectors are measured that repre-
sents the majority of fault coverage possible for the experi-
mental ICs . For each vector applied to the experimental ICs,
the mean and standard deviation of the measured quiescent
current response for that vector 1s determined from a statis-
tically valid cross-section of ICs known to be substantially
fault-free. The mean and standard deviation of the quiescent
current responses from these I, vectors can then be sorted
1in 1ncreasing order, and can be plotted graphically to depict
a standard current signature for the given IC to which the
[, vectors were applied.

In production testing, these I, vectors will be applied to
ICs that are also commonly referred to as “devices under
test” or “DUTs.” The mean and standard deviations for the
measured 1,, wvectors are not required to be sorted.
However, 1f these values are sorted, they must be sorted 1n
some order—either increasing or decreasing in value.
Subsequently, vectors are applied to the DUT and measure-
ments are made of the corresponding quiescent current
responses. Upon the application of these vectors to the DUT,
any of the multiple measured quiescent current response of
the DUT that exceeds the predetermined limits provided by
a standard current signature derived from experimental ICs
results 1n the DUT failing the current signature method.

Not every defective IC to which vectors are applied will
produce at least one quiescent current measurement that will
exceed the predetermined limits. To identify these ICs as
defective, another measurement method, such as the total
variance method may be used. The total variance method
differs from the vector-by-vector method by examining the
totality of variances of the quiescent current measurements
caused by the application of vectors to the IC, rather than
individual quiescent current measurements caused by the
application of these vectors. This total variance accounts for
all of the individual variances of the quiescent current
signature with respect to the standard signature for all of the
vectors. If the total variance of an IC exceeds the total

variance limait set, the IC fails the total variance test.

Methods for measuring quiescent current values work
well for determining gate oxide leakage and most other
problems 1n ICs having lithographies greater than 0.25
microns. However, quiescent current measurement analysis
on ICs with lithographies less than 0.25 microns 1s less
clfective. The reason for this is that as the size of the IC
becomes smaller and the density of gates on the IC for the
surface area of the IC becomes larger, the IC has a greater
amount of background leakage while 1n 1ts static state. This
background leakage prevents a proper monitoring of
changes 1n quiescent current values in these ICs, since the
difference between the defect current and the background
current may be too small to measure, or may be entirely
masked.

One technique for overcoming the limitation of measuring
quiescent current values 1n sub-0.25 micron ICs mnvolves the
use of dynamic current testing for detecting defective
devices. Dynamic current testing allows monitoring of
power consumption by the IC during transient periods, 1.¢.,
when the gates of the IC are switching. This dynamic current
technique 1s commonly referred to as transient current, or
I,.., testing. Historically, 1t had been believed that although
a defective IC device may exhibit abnormal behavior 1n 1its
transient current state, this abnormal transient current would
be masked by the overall transient current of the IC, thereby
preventing the 1dentification of defective gates. Recent stud-
ies have shown that this masking does not necessarily occur.

One problem with the traditional implementation ot I,,,
testing 1s this method’s inability to discern defect-free
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devices with currents elevated due to otherwise acceptable
process variations from defective devices. For example,
relatively small changes 1n the channel length of an IC can
cause substantial changes 1n sub-threshold leakage currents
of that IC. It 1s preferable to find a test method that accepts
ICs having high leakages caused by normal process varia-
tions and reject ICs having high leakages caused by defects.

SUMMARY OF THE INVENTION

The present invention includes a method for testing
integrated circuits that includes measuring a current signa-
ture value before and after a voltage stress 1s administered.
A delta value of a production integrated circuit (DUT) is
derived from the difference 1n 1ts pre and post voltage stress
current signature value. DUT current signature delta values
are compared to experimental threshold current signature
delta values for a statistically valid set of acceptable ICs to
determine whether any of the DUT current signature delta
values are greater than the experimental threshold current
signature delta values at any of the set of measured vectors,
or the DUT experienced a current shift that was within the
experimental threshold current signature delta values, but
one or more individual current values were too large. An
acceptable 1ntegrated circuit refers to an IC that has passed
all other tests discuss previously, 1.e., BIST testing, func-
tional testing, SAF testing, and scan testing, among others.
The current signatures used to generate the experimental
threshold current signature delta values are formed by
measuring current responses for each of a set of measured
vectors applied across a statistically significant number of
acceptable 1ntegrated circuits. The method embodying the
present invention can also include the step of generating the
experimental threshold current signature delta values by
measuring a difference between two experimental threshold
current signatures from the statistically valid set of accept-

able ICs.

In an alternative embodiment of the present invention, the
present invention includes an apparatus for testing integrated
circuits. The apparatus includes a generator for generating a
set of vectors for applying to a device under test, a measurer
for measuring a current signature delta value of the device
under test and a comparing means for comparing the current
signature delta value to an experimental threshold current
signature delta value to determine whether the current
signature delta value 1s greater than the threshold current
signature delta value. In the present invention, the generator
can further apply the set of vectors to a statistically valid
number of acceptable ICs and the measurer can measure the
experimental threshold delta value for the statistically valid
number of acceptable ICs. In the present invention, the
comparing means can also compare a post-voltage stress
current signature of the DUT to a peak post-voltage stress
current signature for the experimental ICs generated by the
generator.

In another embodiment of the present invention, an inte-
orated circuit can be produced and tested to determine
whether 1t 1s defective. The integrated circuit can be pro-
duced and tested to determine whether 1t 1s defective by
measuring a current signature delta value of the integrated
circuit and comparing the current signature delta value to a
threshold current signature delta value to determine whether
the current signature delta value 1s greater than the threshold
current signature delta value. The threshold current signa-
ture delta value can be generated from a statistically valid
number of acceptable integrated circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

There are presently shown 1n the drawings embodiments
which are presently preferred, 1t being understood, however,
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that the invention 1s not limited to the precise arrangements
and 1nstrumentalities shown, wherein:

FIG. 1 1s a flow-chart 1llustrating an overall method for
identifying defects in integrated circuits using I, delta
signatures.

FIG. 2 1s a flow-chart 1llustrating a method for calculating

a threshold current signature delta value for integrated
circuits.

FIG. 3 1s a flow-chart 1llustrating a method for calculating
a current signature delta value for a given integrated circuit.

FIG. 4 1s an 1illustration of an apparatus for identifying
defects 1n 1ntegrated circuits.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIG. 1, a method for identifying defects 1in an
integrated circuit, according to the present invention, 1s
illustrated. In step 20, an experimental threshold current
signature delta value 1s generated for a statistically valid set
of known acceptable integrated circuits. In step 22, a current
signature delta value 1s measured for a DUT. In step 24, the
DUT current signature delta value 1s compared to the
experimental threshold current signature delta value 20. In
step 26, a determination 1s made as to whether the current
signature delta value of the DUT 1s greater than the experi-
mental threshold current signature delta values. If the current
signature delta value of the DUT are greater than the
corresponding experimental threshold current signature
delta value, the DUT can be 1dentified as defective. Finally,
in step 28, a further determination can be made as to whether
a DUT which has a current signature delta value that 1s less
than the corresponding experimental threshold current sig-
nature delta value, has a post-voltage stress current response
for any of the set of measured vectors that 1s larger than a
corresponding threshold post-voltage stress current
response. If any post-voltage stress current response 1s
oreater than the corresponding threshold post-voltage stress
current response, the DUT can be 1dentified as defective—
even 1f the current signature delta values for the DUT are
less than the experimental current signature delta values in
step 26.

Referring to FIG. 2, the step of generating the threshold
current signature delta values for the statistically significant
number of acceptable integrated circuit can include multiple
steps, as 1llustrated. In step 30, a set of vectors 1s applied to
a set of experimental ICs. In step 32, a threshold base current
signature 1s formulated for the experimental ICs. In step 34,
a voltage stress 1s administered for a time period to each of
the experimental ICs. In step 36, the set of vectors 1s applied
to the experimental ICs under the same power supply
conditions as 1n step 32 at a time after the voltage stress 1s
administered. In step 38, non-current tests are run on all
experimental ICs to remove all substantially unacceptable
ICs. In step 40, a threshold post-stress current signature 1s
formulated from the experimental ICs. In step 42, the
threshold base current signature of the experimental ICs 1s
compared to the threshold post-stress current signature of
the experimental ICs to determine a threshold current sig-
nature delta value for an acceptable integrated circuit.

In the present invention, the experimental ICs are chosen
as a sampling of integrated circuits from several lots of
integrated circuit waters. In general, the number of inte-
orated circuits chosen for generating threshold current sig-
nature values 1s preferably statistically significant, 1.e., 1n the
range of hundreds of ICs, depending on the size of the IC
production run. In a preferred embodiment of the present
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invention, the number of acceptable integrated circuits con-
stituting a statistically significant number 1s 384 integrated
circuits. It 1s preferable 1n the present invention that all lots
of integrated circuit wafers from which the statistically
significant number of integrated circuits are chosen have the
same lithography. These chosen 1ntegrated circuits are found
acceptable because they have passed non-signature tests,
such as functional, scan, BIST or SAF tests, during the

integrated circuit production process.

In the present invention, the experimental ICs preferably
have the same architecture and process as the DUT. It 1s
preferable to have the same integrated circuit architecture
and process for the experimental ICs and the DUT because
the threshold current signature delta value that identifies that
an 1ntegrated circuit 1s defective 1s specific to the architec-
ture and process of that given integrated circuit. The value
of the threshold current signature delta for one integrated
circuit architecture, design, or process will not necessarily
be the same for an alternative integrated circuit architecture,
design, or process.

In general, the threshold base current signature for the
experimental ICs 1s formulated by applying the set of
vectors to each of the acceptable experimental integrated
circuits. A small subset of measured vectors from the com-
plete set of vectors 1s then 1dentified. A base current response
1s measured for each of the set of measured vectors applied
across each of the acceptable experimental integrated cir-
cuits. From these base current response measurements, a
limit 1s determined for each vector and 1s set as the threshold
base current response for that measured voltage vector. Once
the threshold base current response for each measured vector
has been assigned, the threshold base current responses are
formulated into a threshold base current signature for the set
of measured vectors. The threshold post-voltage stress cur-
rent signature for the set of measured vectors 1s generally set
in the same manner, with the limit identified as the threshold
post-voltage stress current response for the measured volt-
age vector. These current responses are then formulated into
a threshold post-voltage stress current signature for the set of
measured vectors. The limits 1n formulating the threshold
post-voltage stress current signature may be set to include an
acceptable yield loss of otherwise acceptable ICs to ensure
higher production quality, but this 1s not a requirement of the
invention.

Threshold current signatures may be formulated for the
chosen set of test vectors through process simulation tools,
rather than from actual measurements of experimental ICs.
The IC 1s first designed and a full transistor level layout is
completed. A switch level (FET) simulation program is used
to 1dentity the “off” state n-type FETs and “off” state p-type
FETs for each I ,,, test vector. In essence, areas oft transis-
tors of each type are “lumped,” effectively creating one large
n-type FET and one large p-type FET. Since p-type FETs
tend to be leakier than n-type FETS, 1t 1s preferable to keep
separate arca sums. Reverse bias diode leakage and sub-
threshold leakage current values are usually the dominant
contributors to transistor leakage. These parameters are
largely process dependent and will be supplied for each
distinct process. A simulation 1s then run using the supplied
n-type FET and p-type FET sums together with the reverse
diode leakage and sub-threshold leakage for the process of
interest to generate a threshold current band for each I,
vector. Individual threshold current bands are combined to
generate a threshold current signature. Production IC data 1s
then taken for each I, vector and the results compared to
the appropriate model values. Random out of specification
ICs 1ndicate defects 1n the IC process or the affected device.
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However, if failures are consistently registered, it 1s likely
the IC process 1s running out of specification on one or more
critical parameters or the simulated leakage model values
require revision. Finally, it should be noted that use of the
lumped method 1ignores geometrical effects that can contrib-
ute to leakage.

A modification of the “lumped” simulation method 1s a
gate level modeling method. This method models the IC by
representing the IC by a series of logical gates, such as “and”

cgates and “or” gates. A simulator 1s preferably used to
determine appropriate input sensitization values to put the
logical gates 1into a low current state and determine which
transistors that are in the off state. The simulator would be
orven the off state n-type FET and p-type FET area sums for
cach distinct cell found m a given IC together with the
reverse diode leakage and sub-threshold leakage for the
process of imterest as 1n the lumped method to determine
leakage on a logical cell basis for each Iddg vector. The
simulator would multiply the simulated cell leakage of
individual cells by the number of cells 1n the IC of interest
to determine I,, values for each test vector. Threshold
current signatures may then be formulated for the chosen set
of test vectors. Production IC data is then taken for each I ;,,
vector and the results compared to the appropriate simulated
gate level model values.

In the present mvention, the threshold current signature
delta value for a given mntegrated circuit may also potentially
be generated using a computer. This computer could be
provided with all of the process and circuit information for
the given integrated circuit for which the threshold current
signature delta value 1s desired, and could use this process
and circuit information to formulate the threshold current
signature delta value. Since the computer generated thresh-
old current signature delta value 1s formulated from hypo-
thetical process and circuit mmformation, the threshold cur-
rent signature delta value could be determined during the
integrated circuit design process. As a result, this computer
model could be used to design integrated circuits having
threshold current signature delta values of in a desired value
range. Furthermore, the computer generated threshold cur-
rent signature delta value may be statistically modified to
account for real world variations 1n integrated circuit
manufacture, such as acceptable yield losses. However,
these real world variations are not required to be taken into
account by the computer 1in generating the threshold current
signature delta value.

In the present invention, the largest post-voltage stress
current responses are set as the post-voltage stress current
response thresholds. These current responses are then com-
pared to the post-voltage stress current responses measured
for the set of measured vectors applied to the DUT. If any of
the post-voltage stress current responses measured for the
set of measured vectors applied to the DUT are greater than
the post-voltage stress current response thresholds identified
for the acceptable experimental ICs, then the DUTs can be
identified as defective.

In the present invention, the base current signatures and
the post-stress current signatures for the set of measured
vectors applied to the experimental ICs can be base quies-
cent current signatures and post-stress quiescent current
signatures. The base current signatures and the post-stress
current signatures for the set of measured vectors applied the
experimental ICs can also be base transient current signa-
tures and post-stress transient current signatures.
Furthermore, in the present invention, the base current
signature and the post-stress current signature for the set of
measured vectors applied to the DUT can also be a base

10

15

20

25

30

35

40

45

50

55

60

65

10

quiescent current signature and a post-stress quiescent cur-
rent signature. The base current signature and the post-stress
current signature for the set of measured vectors applied to
the DUT can also be a base transient current signature and
a post-voltage stress transient current signature.

When the base current signatures and post-stress current
signatures for each of the experimental ICs, and for the
DUT, are base quiescent current signatures and post-voltage
stress quiescent current signatures, the set of measured

vectors generally includes a range of 20-50 vectors. In
choosing the 20-50 vectors that form the set of vectors used
In measuring the base quiescent current signature and the
post-stress quiescent current signature, 1t 1s preferable to
chose vectors that are associated with a high DUT fault
coverage. Furthermore, 1n choosing the 20-50 vectors that
form the set of vectors used in measuring the base quiescent
current signature and the post-stress quiescent current
signature, 1t 1s also preferable to choose vectors that are
assoclated with low current off-states of the DUT. These
20-50 vectors are not the only vectors applied to the
production DUT when these base quiescent current signa-
tures and post-stress quiescent current signatures are mea-
sured; a complete set of vectors 1s applied to the production
DUT. This complete set of vectors can be on the order of
millions of vectors. The quiescent current response of the
DUT 1s not measured for each vector of the complete set of
vectors applied to the integrated circuit. The quiescent
current response of the DUT 1s only measured for each of the
20-50 vectors of the set of measured vectors applied to the
DUT. These 20-50 measurements are made after the appli-
cation of the respective vectors to the integrated circuit and
after the integrated circuit 1s allowed to reach a steady state.
Even though measurements are made solely on the 20-50
vectors, 1t 1s still preferable to apply the complete set of
vectors to the DUT at all times 1n order to initialize the
integrated circuit for each individual measurement.

As an example, measurement of the current responses
resulting from the application of the complete set of vectors
to the production DUT can result in coverage of approxi-
mately 99.9% of the faults 1n the production DUT. On the
other hand, when the 20-50 vectors are chosen properly,
measurement of the quiescent current responses resulting
from the application of these vectors to the production DUT
could result 1n coverage of 95% of the faults 1n the produc-
tion DUT. While 99.9% 1s preferable for identifying faults in
the production DUT, the approximately 95% fault coverage
provided from the 20-50 vectors could be acceptable.

Generally, when measuring base transient current signa-
tures and post-voltage stress transient current signatures, it
1s preferable that enough vectors are applied to the experi-
mental ICs, and to the DUT, to provide complete fault
coverage to the integrated circuit. If 100% of the possible
DUT faults cannot be determined, the number of vectors
applied to the DUT should provide fault coverage as close
as possible to 100%.

When the measured base and post-stress current signa-
tures of the DUT are base and post-stress quiescent current
signatures, the set of measured vectors 1s limited because of
the extended amount of time 1t would take to make mea-
surements for the complete set of vectors. This 1s because the
integrated circuit must be stopped for each vector applied
and the current 1n the mtegrated circuit must be given time
to “settle,” or reach a static level, prior to measuring each
current response 1n the base or post-stress quiescent current
signature of the DUT. For example, it would take approxi-
mately 10 to 100 ms to apply each individual vector of the
set of vectors to the integrated circuit and to measure the
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current response of the mtegrated circuit for that individual
vector. Thus, applying the complete set of vectors
containing, for example, one million individual vectors to
the 1ntegrated circuit, and measuring the current response of
the integrated circuit for each of the complete set of vector
applied, would take 10,000 to 100,000 seconds for each
DUT. During the course of an integrated circuit production
run, this 1s too long of a period of time to be economically

feasible.

Contrary to the measurement of the quiescent current
signatures of the integrated circuit, the measurement of the
fransient current signatures of the integrated circuit can be
accomplished without a settling time delay between each
current response 1n the current signature. Accordingly, the
measurement of the transient current signatures of the inte-
orated circuit can be performed at a higher speed than for
quiescent measurements. For example, 1f the test clock
speed of the mtegrated circuit 1s 20 MHz, it will only take
50 milliseconds to measure the 1ndividual transient current
responses for one million vectors applied to the integrated
circuit. Thus, as there 1s no prohibitive time restraint caused
by the stopping of the clock of the DUT, the set of measured
vectors applied to the DUT can be the complete set of
vectors when measuring the transient current signatures of
the DUT. By a complete set of vectors 1s meant that the set
of vectors includes all of the vectors necessary to toggle the
maximum possible gates (or nodes) of the integrated circuit
from logic level 0 to 1, or vice versa. By toggling the
maximum possible gates (or nodes) is meant that data is
applied as a vector to every mput of the DUT, and this
applied vector 1n some way toggles every node 1n the DUT
to a logic level 0 and a logic level 1, if such a test exists for

that node. Such an application of vectors can allow up to
100% fault coverage of the DUT.

In one embodiment of the present invention, the set of
vectors applied to the experimental ICs, and to the DUT, 1s
preferably generated using an automatic test program gen-
erator (ATPG) software tool, since these tools are designed
to generate high fault coverage I, vectors, with a mmimum
number of vectors. Furthermore, this ATPG tool can also be
used to select the set of measured vectors used to measure
the quiescent current signatures of the experimental ICs and
DUT. ATPG software tools, such as the TetraMAX® ATPG
tool produced by Synopsys, Inc. of Mountain View, Calif.,
are commercially available.

In the present 1nvention, 1in order for the ATPG software
tool to properly generate a set of vectors to be applied to the
experimental ICs and the DUT, and to generate the set of
measured vectors to be used 1 measuring the base and
post-stress current signatures of the experimental ICs and
the DUT, mformation concerning the design specifications
of the integrated circuit must be provided to the ATPG
software tool. In the present invention, this information
preferably includes the arrangement or topology of indi-
vidual logic gates for the integrated circuit, among other
things. These design specifications are generally provided to
the ATPG tool 1n a file that 1s often referred to as a “netlist.”
This netlist can identify to the ATPG software tool the
architecture, or arrangement or topology, of the integrated
circuit to be tested. In the future, the ATPG software tool
may be able to determine integrated circuit technology in
other manner, mcluding the use of register-transterlevel
(RTL) or behavioral descriptions. The ATPG tool generates
the set of vectors and performs a software simulation on the
integrated circuit defined in the netlist. When the base or
post-stress current signature being measured 1s a base or
post-stress quiescent current signature, the set of measured
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vectors 1s chosen from the complete set of vectors by the
ATPG software tool to include vectors having elevated fault
coverage. By elevated fault coverage vectors 1s meant vec-
tors that, when applied to an mput of the DUT, toggle the
largest number of nodes 1n the DUT possible to a logic level
of 0 or 1. For example, a vector applied to the iputs of the
DUT that toggles 75% of the nodes 1n that circuit from 0 to
1, or 1 to 0, (75% fault coverage) may be considered to be
an elevated fault coverage vector if 25 measurement points
are desired, and 75% fault coverage would put this example
vector within the set of top 25 fault coverage vectors.
Additionally, the set of measured vectors generated by the
ATPG software tool for measuring base or post-stress qui-
escent current signatures should generally force logic gates
to low current states. For example, integrated circuits may
contain pull-up or pull-down logic i1n their design that
normally draw high levels of current. It 1s difficult to
measure small changes 1n quiescent current occurring in
these logic gates because of the background current leakage
assoclated with these high current levels. This inability to
measure small changes in quiescent current 1s called current
masking. Thus, vectors associated with logic gates that draw
high current levels are not suitable for inclusion in the set of
measured vectors chosen by the ATPG software tool.

In addition to selecting the set of vectors to be applied to
the integrated circuits and the set of measured vectors used
to form the base and post-voltage stress current signatures of
the integrated circuits, the ATPG tool can also make a
theoretical determination of the output response of the
integrated circuits from the application of the set of vectors.
When the base or post-voltage stress current signature being
measured 15 a base or post-voltage stress transient current
signature, the set of vectors generated by the ATPG software
tool should preferably be equivalent to the set of measured
vectors used to form the base or post-voltage stress current
signature. When the set of measured vectors 1s equivalent to
the complete set of vectors, the set of measured vectors
should preferably provide for every gate (or node) in the
DUT to be toggled (allowing for one hundred percent fault
coverage, if possible).

In one embodiment of the present invention, the set of
vectors 1s applied to the DUT by test equipment. In the
present 1nvention, the test equipment is preferably a VLSI
test system. Such test equipment 1s commercially available.
For example, one such VLSI test system 1s the AGILENT
(formerly Hewlett Packard) Model 83000 VLSI Test
System, produced by AGILENT Technologies of Palo Alto,
Calif. When the test equipment 1s used to apply the set of
vectors to the DUT 1n the present invention, a test vector
translator 1s preferably used to translate the set of vectors
generated by the ATPG tool from the ATPG tool language
into the native language of the test equipment, 1f this 1s not
a feature of the ATPG tool. At the same time that the
translation occurs, the test vector translator produces a test
program that tells the test equipment how to take a current
response measurement. Such a current response measure-
ment will generally occur on a power pin or pad of the
integrated circuit being tested. Once the complete set of
vectors 1s applied to the DUT, and the base current signature
from the application of the set of measured vectors 1is
measured, 1t 1s preferable that the base current signature 1s
recorded in the VLSI test system.

In the present invention, the voltage stress 1s preferably an
clectrical stimulus that 1s substantially above the voltage
range specifled for normal operation the mtegrated circuit.
This stimulus 1s then applied to the integrated circuit for a
predetermined duration—the higher the value of the elec-
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trical stimulus, the shorter the duration that the electrical
stimulus 1s applied to the mtegrated circuit. If the integrated
circuit 1s defective or even marginally defective, subjecting
the integrated circuit to the substantially higher electrical
stimulus for this duration can cause the integrated circuit to
either fail entirely, have reduced eflicacy, or draw increased
current. To effectively stress an integrated circuit that is
being tested, the electrical stimulus applied to that integrated
circuit should be set such that the electrical stimulus can

cause damage 1n the defective or marginally defective inte-
orated circuits, but does not damage acceptable integrated
circuits.

The level and duration of the electrical stimulus (or
voltage stress) is experimentally derived for the entire
integrated circuit production line from which the DUTs are
taken. This level could be used for testing all integrated
circuits that are produced with the same processing tech-
nology. The derived level and duration at which the voltage
stress 15 applied to the integrated circuit should provide for
a minimal yield loss of integrated circuits. By this minimal
yield loss 1s meant that a minimal number of otherwise
acceptable 1ntegrated circuits are meant to fail as a result of
the voltage level of the application of the electrical stimulus
(or voltage stress).

Generally, the level of voltage stress used will be
inversely proportional to the duration for which the voltage
stress 1s applied to the integrated circuit. For example, 1f the
voltage stress applied to the power bus of the integrated
circuit 1s 1ncreased, then the duration for which the voltage
stress 1s applied to the mtegrated circuit 1s decreased. Also,
when the duration for which the voltage stress 1s applied to
the 1ntegrated circuit 1s 1increased, the level of voltage stress
applied to the power bus of the integrated circuit 1s
decreased. A balance can thus be reached between the
amount of voltage stress applied and the duration of the
application of this voltage stress to the power bus of the
integrated circuit, so that the voltage stress causing minimal
yield loss can be applied to the itegrated circuit for a
minimal duration. For example, one example of such bal-
ance can be to apply a voltage stress equivalent to approxi-
mately two and one-half times the nominal power supply
voltage (V ;) for a duration of approximately 100 ms. This
example, however, 1s not a restriction of the mvention.

Referring to FIG. 3, the step of measuring the current
signature delta value of the DUT can include multiple steps,
as 1llustrated. In step 50, a set of vectors 1s applied to the
DUT and a base current signature for the DUT 1s formulated.
In step 52, a voltage stress 1s administered to the DUT for a
time period. In step 54, the set of vectors 1s applied to the
DUT and a post-voltage stress current signature for the DUT
1s formulated. Finally, 1n step 56, the current signature delta
value for the DUT 1s determined. The current signature delta
value for the DUT can be the difference between the
post-voltage stress current signature and base current sig-

nature for the DUT.

The base current signature for each of the experimental
ICs can be formulated by measuring a current response for
cach of a set of measured vectors from the set of vectors
applied to the experimental ICs, and plotting these current
responses 1nto a signature for the entire set of measured
vectors. In the present invention, the post-voltage stress
current signature can also be formulated in the same manner.
This means that after administering the voltage stress to each
of the experimental ICs for the time period, a post-voltage
stress current signature can be formulated by measuring a
post-stress current response for each of the set of measured
vectors applied to the experimental ICs and plotting these
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current responses 1nto a current signature for the set mea-
sured of vectors. After plotting the measured current
responses for each of the experimental ICs, an analysis can
be performed to determine the range of possible currents that
are experienced 1n acceptable devices, and derive a maxi-
mum threshold value for each of the measured current
reSponses.

In the present mvention, the current signatures for the
DUT can be formulated in much the same manner. For
instance, the base current signature for the DUT can be
formulated by measuring a current response for each of the
set of measured vectors applied to the DUT, and plotting
these current responses 1nto a current signature for the entire
set of measured vectors. Additionally, after the voltage stress
1s administered to the DUT for a time period, the post-
voltage stress current signature for the DUT can be formu-
lated by measuring a post-voltage stress current response for
cach of the set of measured vectors applied to the DUT and
plotting these current responses 1nto a current signature for
the entire set of measured vectors.

The base and post-voltage stress current signatures of the
DUT are then compared to the threshold base and post-
voltage stress current signatures of the experimental ICs.
The DUT will fail the test 1f either the current signature delta
value (current shift) or post-voltage stress current signature
value of the DUT exceeds the experimental threshold cur-
rent signature delta value or the threshold post-voltage stress
current signature of the experimental ICs.

The base and post-voltage stress current signatures for the
experimental ICs, and for the DUT, are generated using the
current signature formation processes described above.
Whether the base and post-voltage stress current signatures
measured are base and post-voltage stress quiescent current
signatures or base and post-voltage stress transient current
signatures depend upon numerous factors. In the present
invention, the factors identifying whether to measure the
quiescent or transient current signatures of the integrated
circuit include the size of the integrated circuit, the transistor
or gate density of the integrated circuit, and the background
leakage level of the mtegrated circuit. For example, in one
embodiment of the present invention, the transient current
signature 1s generally preferred for integrated circuits lithog-
raphies that are less than 0.25 microns in size. On the other
hand, 1n the present mnvention, the quiescent current signa-
ture 1s generally preferred for integrated circuit lithographies
that are greater than 0.25 microns 1n size. Furthermore, if an
integrated circuit with a lithography greater than 0.25
microns 1n size has a high background current leakage,
measurement of the transient current signature of that inte-
orated circuit will most likely be preferred over measure-
ment of the quiescent current signature of that integrated
circuit. The reason for this 1s that 1t 1s more difficult to
measure the current levels of an integrated circuit necessary
to formulate the base and post-voltage stress quiescent
current signatures when that integrated circuit has a high
background current leakage, because these quiescent current
voltage levels are often difficult to distinguish from the
background current leakage of the integrated circuit and thus
difficult to measure. On the other hand, the current peaks of
the 1ntegrated circuit used in formulating the base and
post-voltage stress transient current signatures are higher
than the background current leakage levels of the integrated
circuit, and are much easier to distinguish from the back-
oround current leakage and thus easier to measure.

In one embodiment of the present invention, a measure-
ment of the logical output response of the DUT resulting
from the application of the set of vectors to the DUT can be
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made 1 addition to the measurement of the base and
post-voltage stress current signatures of the DUT. This
actual output response measurement 1s compared against the
output response generated by the ATPG software tool. It 1s
preferred that the ATPG output responses should be verified
with a logic simulation tool that has timing capability, since
most ATPG tools are zero delay. If the difference between
the actual and expected logical output responses do not
match, the DUT can be considered to be defective. This 1s
the case even if the current signature delta value of the DUT
1s less than the experimental threshold current signature
delta value. This comparison 1s supplemental to the func-
tional test associated with integrated circuit functional veri-
fication.

Although not required in the present method, the DUT
that has a quiescent or transient current signature delta value
orcater than the experimental threshold current signature
delta value may be subsequently burned-in and tested to
coniirm these integrated circuits as defective. In performing
this confirmation, both the defective integrated circuit and a
control group of acceptable integrated circuits are concur-
rently burned-in. After this burn-in, non-signature tests are
performed on both groups of integrated circuits to determine
if there are variations between the two. For example,
functional, BIST, or scan tests of both the defective inte-
orated circuit and the control group are measured and
compared. If the non-signature tests confirm that the DUT 1s
defective, then the experimentally derived threshold current
signature delta value has been properly set. If the non-
signature tests 1dentily the DUT as actually fault-free, then
the experimental threshold current signature delta value has
been improperly set and the experimental threshold current
signature delta value 1s recalculated. This formulation of a
new experimental threshold current signature delta value
should result 1n a determination that the DUT 1is actually
fault-free. Thus, upon any resetting of the experimental
threshold current signature delta value for a given DUT, the
DUT should be tested again using the present invention to
determine whether 1t 1s still considered to be defective.

Analyzing the current signature delta value of DUTs 1n the
present method can alleviate problems associated with mea-
suring current responses 1n given nodes of integrated circuits
having background noise. This problem 1s also addressed by
the total variance method described heremn. The present
method differs from the total variance method, however, 1n
that 1t also considers the change 1n current response for each
vector 1n the set of measured vectors, rather than the change
in the set of measured vectors at the same time. These
individual measurements provide for a more accurate mea-
surement of current limits for different integrated circuit
nodes, as discussed heremn with respect to the vector-by-
vector method.

In the present invention, the method for identifying
defects 1n the DUT 1s not required to be performed at any
specific time during the integrated circuit fabrication pro-
cess. For example, the method can be performed when the
gates (or nodes) that form the integrated circuit have been
placed on a silicon wafer, but before the silicon water 1s
sliced 1nto separate mtegrated circuits. The method can also
be performed after the silicon wafer has been sliced, and the
individual integrated circuits formed on that silicon wafer
have been packaged. The time in the integrated circuit
fabrication process 1 which the method i1s performed will
have an effect on the threshold current signature delta value
for the integrated circuit. Thus, 1f the threshold current
signature delta value 1s experimentally calculated for the
silicon wafer before 1t 1s sliced, the current signature delta
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values for the DUTs that are compared to the threshold
current signature delta value are preferably measured at the
same point 1n the integrated circuit fabrication process in
which the experimental threshold current signature delta
value was determined. This i1s the case for determining
whether to measure quiescent or transient current signature
delta values. For example, if the experimental threshold
current signature delta value of an integrated circuit is
determined based on transient current measurements, then
the current signature delta values for DUTs are preferably
made using base and post-voltage stress transient current

signatures.

Referring to FIG. 4, a apparatus for identifying defects 1n
an 1tegrated circuit, according to the present invention, 1s
illustrated. The apparatus can include a generator 100 for
generating a set of vectors, including a set of measured
vectors, for applying a stimulus to a statistically valid
number of acceptable mtegrated circuits and a device under
test (DUT); a measurer 102 for measuring an experimental
threshold current signature delta value for the statistically
valid number of acceptable 1ntegrated circuits
(“experimental ICs”) and a current signature delta value of
a DUT, and a comparing means 104 for comparing the
current signature delta value to the experimental threshold
current signature delta value to determine whether the
current signature delta value 1s greater than the threshold
current signature delta value or the maximum current thresh-
old for that vector 1s exceeded.

In the present invention, the generator 100 can generate
the set of vectors for applying to the experimental ICs and
the DUT. Furthermore, the generator 100 can determine
which vectors from the set of vectors are preferably included
in the set of measured vectors used by the measurer 102 in
measuring the experimental threshold current signature delta
value for the experimental ICs and the current signature
delta value for the DUT. In one embodiment of the present
invention, the generator 100 1s preferably an automatic test
program generation (ATPG) software tool. The ATPG soft-
ware tool 1s designed to generate high fault coverage of a
tested 1ntegrated circuit using a minimum number of vec-
tors. As discussed above, ATPG software tools, such as the
TetraMAX® ATPG tool produced by Synopsys, Inc. of

Mountain View, Calif., are commercially available.

In the present invention, the experimental threshold cur-
rent signature delta value can also be determined by a
computer 103, rather than by the measurer 102. The com-
puter 103 could be provided with all of the process and
circuit information for the given integrated circuit for which
the threshold current signature delta value i1s desired, and
could use this process and circuit information to formulate
the threshold current signature delta value. The computer
103 would thus not determine the threshold current signature
delta value using experimental ICs, averting any improper
identification of the threshold current signature delta values
that may arise from the inclusion of multiple substantially
defective ICs 1n the measurement procedure.

In the present invention, the measurer 102 can measure
the current signature delta value of the DUT by applying a
complete set of vectors generated by the generator 100 to the
DUT, and formulating a base current signature for the DUT
from a set of measured vectors within the complete set of
vectors generated by the generator 100; administering a
voltage stress to the DUT for a time period; applying the
complete set of vectors to the DUT and formulating a
post-voltage stress current signature for the DUT from the
set of measured vectors; and determining a current signature
delta value for the DUT as a difference between the base
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current signature and post-voltage stress current signature
for the DUT. In one embodiment of the present invention,

the measurer 102 1s preferably a VLSI test system. One
example of the VLSI test system 1s the AGILENT®
(formerly Hewlett Packard) Model 83000 VLSI Test System

described herein.

In the present imvention, the measurer 102 can also
measure the largest post-voltage stress current responses for
cach of the set of measured vectors applied to the experi-
mental ICs. The largest post-voltage stress current responses
can then be set as the threshold post-voltage stress current
responses for the experimental ICs. The measurer 102 also
measures the post-voltage stress current responses for each
of the set of measured vectors 1s measured for the DUTs.

In the present invention, the comparing means 104 can
generally be a computer or a microprocessor, among other
things. The comparing means 104 can continuously monitor
the current signature delta values of the DUTs during the
integrated circuit production process, comparing each cur-
rent signature delta value of DU'Ts with the threshold current
signature delta value to determine whether the current
signature delta value of the measured DUT 1s greater than
the threshold current signature delta value. If the current
signature delta value of the DUT 1s greater than the threshold
current signature delta value, then the comparing means 104
can 1dentify that DUT as defective. The computer or micro-
processor constituting the comparing means 104 may be
contained as part of the measurer 102. For example, the
computer or microprocessor that compares the current sig-
nature delta values of the DUTs to the experimental thresh-
old current signature delta value may be included in the
VLSI test system described above.

The comparing means 104 can also be performed by the
manual monitoring of the current signature delta values of
the DU'Ts to determine whether these current signature delta
values are greater than the threshold current signature delta
value.

In the present invention, the comparing means 104 can
also compare the threshold post-voltage stress current
responses to the post-voltage stress current responses mea-
sured for the set of measured vectors applied to the DUT. It
any of the post-voltage stress current responses measured for
the set of measured vectors applied to the DUT are greater
than the largest post-voltage stress current responses 1den-
tified for the experimental ICs, then the DUTs can be
identified as defective by the comparing means 104.

In the present mvention, the threshold current signature
delta value measured by the measurer 102 can be equivalent
to a largest difference between the post-voltage stress current
signature and the base current signature of the set of mea-
sured vectors as applied to the experimental ICs. The base
current signature of the set of measured vectors applied to
the experimental ICs 1s formulated by determining the
smallest base current response for each of the set of mea-
sured vectors as applied to the experimental ICs. These
smallest base current responses for the set of measured
vectors are then plotted to generate a base current signature
for the set of measured vectors as applied to the experimen-
tal ICs. The post-voltage stress current signature of the set of
measured vectors applied to the experimental ICs 1s formu-
lated by determining the largest post-voltage stress current
response for each of the set of measured vectors as applied
to the experimental ICs. These largest post-voltage stress
current responses for the set of measured vectors are then
plotted to generate a post-voltage stress current signature for
the set of measured vectors as applied to the experimental
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ICs. Also, the current signature delta value for the DUT that
1s determined by the present mvention can be a difference
between the post-voltage stress current signature and the
base current signature of the DUT. The base current signa-
ture for the DUT can be formulated by measuring the current
response from the power bus of the DU for each of the set
of measured vectors, and plotting this set of i1ndividual
current responses 1nto a current signature. The post-voltage
stress current signature for the DUT can be formulated by
measuring the current response from the power bus of the
DUT for each of the set of measured vectors after the voltage
stress has been applied to the DUT, and plotting this set of

current responses 1nto a current signature.

In another embodiment of the present invention, an inte-
orated circuit 110 can be tested to determine whether 1t 1s
defective. This integrated circuit can be tested using the
method described herein and illustrated 1n FIGS. 1-3 or the

apparatus described herein and illustrated 1n FIG. 4.

As illustrated in FIGS. 1-4, the device under test (DUT)
110 1s an integrated circuit that can be tested to determine
whether it 1s defective using the method described herein.
Thus, a threshold current signature delta value 1s generated
for experimental ICs using the method described herein.
After the threshold current signature delta value 1is
ogenerated, a current signature delta value 1s measured for a
DUT. The current signature delta value 1s then compared to
the threshold current signature delta value and a determina-
tion 1s made as to whether the current signature delta value
of the DUT 1s greater than the threshold current signature
delta value. If the current signature delta value of the DUT
1s greater than the threshold current signature delta value, the
integrated circuit 110 can be identified as defective.
Furthermore, a determination can-made as to whether any
post-voltage stress current response for the DUT from the set
of measured vectors 1s greater than any corresponding
threshold post-voltage stress current responses. If any post-
voltage stress current response for the DUT from the set of
measured vectors 1s greater than the corresponding threshold
post-voltage stress current response, the integrated circuit
110 can be 1dentified as defective.

As described herein, the step of generating the threshold
current signature delta value for experimental ICs includes
applying a set of vectors to a experimental ICs; formulating
a threshold base current signature for the experimental ICs
; administering a voltage stress for a time period to each of
the experimental ICs; applying the set of vectors to the
experimental ICs after the voltage stress 1s administered;
running non-current tests on all experimental ICs to remove
all substantially unacceptable ICs; formulating a threshold
post-stress current signature for the experimental ICs; com-
paring the threshold base current signatures of the experi-
mental ICs to the threshold post-stress current signatures of
the experimental ICs to determine a threshold current sig-
nature delta value for an acceptable mtegrated circuit.

As described herein, the step of measuring the current
signature delta value of the DUT can include applying a set
of vectors to the DUT and formulating a base current
signature for the DUT; administering a voltage stress to the
DUT for a time period; applying the set of vectors to the
DUT after administering the voltage stress and formulating
a post-voltage stress current signature for the DUT; and
determining the current signature delta value for the DUT.
The current signature delta value for the DUT can be the
difference between the post-voltage stress current signature
and base current signature for the DUT.

Also, as described herein, the threshold current signature
delta value for a given integrated circuit can be the largest
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difference between the threshold post-voltage stress current
signature and the threshold base current signature for the
experimental ICs. The threshold base current signature can
be formulated by measuring the lowest current response for
cach of the set of measured vectors applied to the experi-
mental ICs, and plotting the measured lowest current
responses 1nto a base current signature for the set of mea-
sured vectors. The threshold post-voltage stress current
signature can be formulated by measuring the highest cur-
rent response for each of the set of measured vectors applied
to the experimental ICs, and plotting the measured highest
current responses 1nto a base current signature for the set of
measured vectors.

As 1llustrated 1n FIG. 4, the testing of the integrated circuit
110 can be achieved through the use of the apparatus for
identifying defects 1n an integrated circuit that includes the
generator 100 for generating a set of vectors, including a set
of measured vectors, for applying to experimental ICs
106a—n and a DUT 110; the measurer 102 for measuring an
experimental threshold current signature delta value for the
experimental Ics 106a—# and a current signature delta value
of a DUT 110; and the comparing means 104 for comparing
the current signature delta value to the experimental thresh-
old current signature delta value to determine whether the
current signature delta value i1s greater than the threshold
current signature delta value or the maximum current thresh-
old for that vector 1s exceeded.

In the present 1invention, the generator 100 can generate

the set of vectors for applying to the experimental ICs
106a—n and the DUT 110. Furthermore, the generator 100

can determine which vectors from the set of vectors are
preferably included in the set of measured vectors used by
the measurer 102 in measuring the experimental threshold
current signature delta value for the experimental ICs
106a—~ and the current signature delta value for the DUT
110. In one embodiment of the present invention, the gen-
erator 100 1s preferably an automatic test program genera-
tion (ATPG) software tool. The ATPG software tool is
designed to generate high fault coverage of a tested inte-
ograted circuit using a minimum number of vectors. As
discussed above, ATPG software tools, such as the Tetra-
MAX® ATPG tool produced by Synopsys, Inc. of Mountain

View, Calif., are commercially available.

In the present invention, the measurer 102 can measure
the threshold current signature delta value of the DUT 110
by applying a complete set of vectors generated by the
generator 100 to the DUT 110, and formulating a base
current signature for the DUT 110 from a set of measured
vectors within the complete set of vectors generated by the
generator 100; administering a voltage stress to the DUT 110
for a time period; applying the complete set of vectors to the
DUT 110 and formulating a post-voltage stress current
signature for the DUT 110 from the set of measured vectors;
and determining a current signature delta value for the DUT
110 as a difference between the base current signature and
post-voltage stress current signature for the DUT 110. In one
embodiment of the present invention, the measurer 102 1s
preferably a VLSI test system. One example of the VLSI test

system 1s the AGILENT® (formerly Hewlett Packard)
Model 83000 VLSI Test System described herein.

In the present invention, the measurer 102 can also
measure the largest post-voltage stress current responses for
cach of the set of measured vectors applied to the experi-
mental ICs 106a—n. The largest post-voltage stress current
responses can then be set as the threshold post-voltage stress
current responses for the experimental ICs 106a—n. The
measurer 102 also measures the post-voltage stress current
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responses for each of the set of measured vectors 1s mea-
sured for the DUT 110.

In the present mmvention, the comparing means 104 can
generally be a computer or a microprocessor, among other
things. The comparing means 104 can continuously monitor
the current signature delta values of the DUT 110 during the
integrated circuit production process, comparing each cur-
rent signature delta value of DUT 110 waith the threshold
current signature delta value to determine whether the

current signature delta value of the measured DUT 110 1s
orcater than the threshold current signature delta value. If the
current signature delta value of the DUT 110 1s greater than
the threshold current signature delta value, then the com-
paring means 104 can identily that DUT 110 as defective.
The computer or microprocessor-constituting the comparing
means 104 may be contained as part of the measurer 102.
For example, the computer or microprocessor that compares
the current signature delta values of the DUT 110 to the
experimental threshold current signature delta value may be
included 1n the VLSI test system described above.

The comparing means 104 can also be performed by the
manual monitoring of the current signature delta values of
the DUT 110 to determine whether these current signature
delta values are greater than the threshold current signature
delta value.

In the present imnvention, the comparing means 104 can
also compare the threshold post-voltage stress current
responses to the post-voltage stress current responses mea-
sured for the set of measured vectors applied to the DUT
110. If any of the post-voltage stress current responses
measured for the set of measured vectors applied to the DUT
110 are greater than the largest post-voltage stress current
responses 1dentified for the experimental ICs 106a—#, then
the DUT 110 can be 1dentified as defective by the comparing
means 104.

In the present invention, the threshold current signature
delta value measured by the measurer 102 can be equivalent
to a largest difference between the post-voltage stress current
signature and the base current signature of the set of mea-
sured vectors as applied to the experimental ICs 106a—n.
The base current signature of the set of measured vectors
applied to the experimental ICs 106a— 1s formulated by
determining the smallest base current response for each of
the set of measured vectors as applied to the experimental
ICs 106a—n. These smallest base current responses for the
set of measured vectors are then plotted to generate a base
current signature for the set of measured vectors as applied
to the experimental ICs 106a—. The post-voltage stress
current signature of the set of measured vectors applied to
the experimental ICs 106a—# 1s formulated by determining
the largest post-voltage stress current response for each of
the set of measured vectors as applied to the experimental
ICs 106a—n. These largest post-voltage stress current
responses for the set of measured vectors are then plotted to
generate a post-voltage stress current signature for the set of
measured vectors as applied to the experimental ICs 106a—.
Also, the current signature delta value for the DUT 110 that
1s determined by the present invention can be a difference
between the post-voltage stress current signature and the
base current signature of the DUT 110. The base current
signature for the DUT 110 can be formulated by measuring
the current response from the power bus of the DUT 110 for
cach of the set of measured vectors, and plotting this set of
individual current responses into a current signature. The
post-voltage stress current signature for the DUT 110 can be
formulated by measuring the current response from the
power bus of the DUT 110 for each of the set of measured
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vectors after the voltage stress has been applied to the DUT
110, and plotting this set of current responses 1nto a current
signature.

It should be understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
suggested to persons skilled 1n the art and are to be included
within the spirit and purview of this application. The inven-
fion can take other specific forms without departing from the
spirit or essential attributes thereof.

What 1s claimed 1s:

1. An apparatus for 1dentifying defects 1n an integrated
circuit, comprising:

a generator for generating a set of vectors for applying to

a device under test;

a measurer for measuring a current signature delta value
of the device under test based on transient currents
thereof; and

a comparing means for comparing the current signature
delta value to an experimental threshold current signa-
ture delta value to determine whether the current sig-
nature delta value 1s greater than the threshold current
signature delta value.

2. The apparatus according to claim 1, wherein the
measurer measures the experimental threshold current sig-
nature delta value for the statistically valid number of
acceptable integrated circuits by:

applying a set of vectors to the statistically valid number
of acceptable mtegrated circuits;

formulating a threshold base current signature for the
statistically valid number of acceptable integrated cir-
cuits from the set of measured vectors;

administering a voltage stress for a time period to the
statistically valid number of acceptable integrated cir-
Cuits;

applying the set of vectors to the statistically valid number
of acceptable mtegrated circuits;

formulating a threshold post-stress current signature for
the statistically valid number of acceptable integrated
circuits from the set of measured vectors; and

comparing the threshold base current signature for the
statistically valid number of acceptable integrated cir-
cuits to the threshold post-stress current signatures for
the statistically valid number of acceptable integrated
circuits to determine a threshold current signature delta
value corresponding to an acceptable integrated circuait.
3. The apparatus according to claim 1, further comprising
a computer for computing the experimental threshold cur-
rent signature delta value.
4. The apparatus according to claim 3, wherein the
measurer measures the current signature delta value of the
device under test by:

applying a set of vectors to the device under test;
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formulating a base current signature for the device under
test from the set of measured vectors;

administering a voltage stress for a time period to the
device under test;

applying the set of vectors to the device under test;

formulating a threshold post-stress current signature for
the device under test from the set of measured vectors;

comparing the base current signature for the device under
test to the post-stress current signatures for the device
under test to determine the current signature delta value
for the device under test.

5. The apparatus according to claim 4, wherein the
threshold current signature delta value generated by the
generator 1s equivalent to a largest difference between the
post-voltage stress current signature and the base current
signature of the statistically valid number of acceptable
integrated circuits.

6. The apparatus according to claim 5§, wherein the current
signature delta value for the device under test 1s a difference
between the post-voltage stress current signature and the
base current signature of the device under test.

7. The apparatus according to claim 6, wherein the
generator generates the set of vectors for applying to a
statistically valid number of acceptable integrated circuits;
and the measurer measures the experimental threshold cur-
rent signature delta value of the statistically valid number of
acceptable integrated circuits.

8. The apparatus according to claim 1, wherein the
generator generates a set of measured vectors from the set of
vectors for applying to the device under test.

9. The apparatus according to claim 8, wherem the
measurer measures the current signature delta value of the
device under test by:

applying a set of vectors to the device under test;

formulating a base current signature for the device under
test from the set of measured vectors;

administering a voltage stress for a time period to the
device under test;

applying the set of vectors to the device under test;

formulating a threshold post-stress current signature for
the device under test from the set of measured vectors;
and

comparing the base current signature for the device under
test to the post-stress current signatures for the device
under test to determine the current signature delta value
for the device under test.

10. The apparatus according to claim 9, wherein the
threshold current signature delta value generated by the
generator 1s equivalent to a largest difference between the
post-voltage stress current signature and the base current
signature of the statistically valid number of acceptable
integrated circuits.
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